Abstract. 2014 In this work we investigate the strain-relief mechanisms and the formation of structural defects of Si/Ge multilayers grown by molecular beam epitaxy on (100)-Si substrates. The investigated specimens differ in number of periods, period thickness, and in the Si/Ge layer thickness ratio. The structural analyses are performed by transmission electron microscopy and high-resolution X-ray diffraction. We found that a Si-Ge interdiffusion induces a broadening of the nominal thickness of the Ge layer, producing a Six Ge1-x alloy as well as a higher Ge content in the last periods of the multilayer structure. Our measurements suggest that the strain relaxation occurs in two steps: i) in each period of the multilayer the strain energy density is partially reduced by the formation of coherent islands; ii) at a certain value of the strain energy density, the shape of the coherent islands changes and the structures, partially or completely, relax the accumulated strain energy by nucleation of dislocations. The increase of the strain energy density is related to the measured monotonic increase of the Ge content as a function of the growth time. 
Introduction
The Si/Six Gel-x (0 x 1) semiconductor material system attracts a very high interest for the fundamental study of the epitaxial growth of highly strained heterostructures. The main effort is focused on the understanding of the strain-relief mechanisms and of the formation of structural defects. The knowledge of these processes is fundamental for the fabrication of heterostructure devices which are based on this highly strained material system. Despite the high interest and the big effort in the last forty years, a complete comprehension of the strain relaxation mechanism in these material systems has not been achieved. Several authors report on the strain relaxation via the nucleation of misfit dislocations and on their formation mechanism [1] [2] [3] [4] [5] [6] [7] [8] . The proposed models give a critical thickness for the relaxation by nucleation of misfit dislocations, underestimating the experimentally measured value [9, 10] . Recently, the role of the strain energy relieved by creation of coherent islands has gained more and more attention [11] [12] [13] [14] [15] . In fact, taking into account the decreasing of the strain energy density due to the island formation, the critical thickness for the nucleation of defects can be predicted more precisely. The combination of techniques like transmission electron microscopy (TEM) and high resolution X-ray diffraction (HRXRD) allows us to characterize the crystalline structure and to determine the structural parameters with high accuracy and high spatial resolution. In the present work the strain relaxation via coherent islanding is monitored in Si/Six Ge1_x multilayers. Furthermore, a monotonic increase of the Ge content in each multilayer period due to Ge diffusion, as a function of the growth time, has been revealed. As the Ge content increases, the island shape evolves in order to partially relax the strain energy via the nucleation of extended defects.
Experimental
The samples analyzed in the present work were grown by MBE at a temperature of 460 ° C and at a growth rate of 0.1 nm/s. Their nominal parameters are reported in Table I . Table I. -Nominalparameter of the analyzed specimens. A is the multilayer period.
The specimens for TEM analyses were prepared in the cross-section geometry following the usual procedure for the mechanical and ion mill thinning. A liquid nitrogen cooled stage was used in order to minimize the generation of damage and artifacts in the specimen. TEM experiments were performed using a Philips CM 30 TEM/STEM microscope, operating at 300 kV (interpretable resolution limit of 0.23 nm) and a Jeol JEM 4000 EX operating at 400 kV (interpretable resolution limit of 0.16 nm). As a result of the sample irradiation with 400 keV electrons, several defects were observed. For the high resolution electron microscopy (HREM) experiments, all the samples were analyzed along the 011 &#x3E; zone axis.
The width of each Si and Ge layer was measured from the HREM micrographs. Several effects have to be taken into account measuring the width of a strained layer from a high resolution image [16] [17] [18] [19] [20] ; among them the effect of the crystal plane bending in the TEM thinned sample can produce a systematic error in the measurements [21] [22] [23] [24] [25] [26] . This effect can be particularly severe in highly strained samples. As a consequence of the high Ge content of the sample analyzed in the present work (Tab. I), the interfaces between Ge-rich layers and Si layers should be revealed in the micrographs as an abrupt change in the image intensity. The contrast variation was measured from several HREM micrographs. In each HREM image, each pixel was represented by its height above the base plane. The width of the zone with higher Ge content was measured as the width of the image contrast variation at full width half maximum. From several measurements, the mean value of the Six Gel-x width was calculated. As an error on the mean value the standard deviation was considered. To reduce the uncertainty in the location of the Si/Ge interfaces we used a defocus value to maximize the contrast between the Si and Ge layers [16, 27, 28] . The layer width measurements reported in the next paragraph have to be considered as the average width of the zone at higher Ge content. High-resolution X-ray diffraction measurements were performed by means of a double-crystal X-ray diffractometer (Philips, MRD) equipped with a Cu target as X-ray source (À = 1.5405 À), a four-crystals symmetrical cut Ge(220) monochromator and a proportional counter. From these experiments we measure the average multilayer lattice parameter in the growth direction (outplane), as well as in the interface plane (in-plane), which are related to the angular distances between the zero-order superlattice satellite and the substrate peak. A simple tetragonal distortion (with respect to the Si substrate) of the epilayer unit cell has been considered for data analysis using a 2nd-order approximation of the strain function in the Takagi-Taupin equation [29] . The superlattice period (ASL) was measured from the angular separation between the superlattice satellites peaks [30] . 3 . Results Figure 1 shows a cross section of the sample t)233. The epitaxial structure is made of a 21 Six Gel-x /Si periods; each period has an average thickness of (7.2 ± 0.3) nm and is made of one SixGel-x layer (1.2 ± 0.2) nm thick and one Si layer (6.0 ± 0.3) nm thick. In some areas ( Fig. 1 inset "a") the contrast of the interfaces between Si and SixGel-x layers is not sharp and this feature can be related to the intermixing of Si and Ge atoms at the interface [16, 28] . The wavy aspect of the periods is due to a quasi-periodic small variation of the thickness (coherent-islands) of each SixGe1-x period. It should be noted that the presence of this thickness variation does not create extended defects in the lattice ( Fig. 1 inset "b" ). This finding is in agreement with the results reported by Eaglesham et al. [15] and Le Goues et al. [31] who demonstrated that strain relaxation via Ge islanding can occur without the generation of misfit dislocations. Figure 2 shows a crosssection of a typical defect, observed in this sample, which we named "conical shaped defect". The distribution of these defects is quite regular with a density of about 1 x 10g/cm2. It is a tridimensional defect that involves several periods of the epilayer and produces a relevant curvature on the surface of the film. The bending of the periods close to the defect is evident (Fig. 2) . Within the defect volume a high density of stacking faults and dislocations are observed (see the arrow). The analysis of the sample in cross section allows us to detect the features of these defects in slices coming from different parts of the cone. Figure 3 shows that the number of extended defects at the "conical shaped defect" boundaries is very high (see the arrows). These extended defects are created in order to accommodate the distorted area with the undisturbed part of the epitaxial structure. In some cases the extended defects originating in the distorted volume propagate down to the substrate/epilayer interface. Figure 4 shows how the deformation starts, after few periods (see arrow A) in a SixGe1-x layer. From the 8th period a further bending in the periods is visible (see arrow B) and the periodic stacking of the Six Gel-x/Si layers is lost resulting in a large area of Si/Ge intermixing. It is worthwhile to remark that, except in the area of the "conical shaped defect", the density of extended defects in this sample is rather low. Figure 5 shows a bright field image in 011 &#x3E; zone axis of the 33 periods of SixGe1-x/Si of sample #230. Each period has an average thickness of (5.1 ± 0.3) nm and is made of one SixGe1-x layer (1.2 ± 0.2) nm thick and one Si layer (3.9 ib 0.3) nm thick. The wavy aspect of the first 16 periods of the epilayer is due to the quasi-periodic small variation of the thickness of each SixGe1-x layer (coherent-islands). In the 17th and 18th SixCe1-x layers the waviness changes, increasing in amplitude and period (see the arrows). This latter thickness variation influences all the remaining periods and produces a waviness on the surface of the epilayer. In these areas also the density of extended defects is relatively high. It should be noted that in this case the deformation of the periods inside the "conical shaped defects" is evidently less pronounced with respect to the sample #233. Figure 6 shows the high-resolution X-ray diffraction profiles recorded on the investigated samples in the vicinity of the Si (400) reflection. The two curves (A, B) refer to the samples #230 and in the sample #233; the arrows A and B indicate respectively the area of the origin of the conical shaped defect and the bending produced by this defect in the 8th period.
#233, respectively. These data, together with the asymmetric reflections data, allow us to measure the average in-plane (ci) and out-of-plane (co) strain tensor components for the investigated multilayers (Tab. II). It should also be noted that none of these measured patterns was successfully fitted assuming a pure Si/Ge multilayer, as in the nominal structures (Tab. I). In fact, a disagreement between experimental and theoretical curves was found even in the position of the zero-order satellite peak if assuming a pure Ge layer with the nominal thickness. The best agreement was obtained supposing a SixGe1-x/Si multilayer. Furthermore, a pronounced modulation of the Pendellôsung fringes was measured around each satellite peak (Fig. 6) . The higher order satellite peaks are strongly affected by the interface roughness and thickness variations and, consequently, can be successfully simulated only by using a statistical theoretical approach. Therefore, we limited our analysis to the asymmetry of the Pendellôsung fringes around the zero-order satellite peak, the latter being almost no affected by the already mentioned interface problems [32] . Consequently, the asymmetry of the Pendellôsung fringes around the zero-order peak is principally related to a strain gradient, i.e. of a varying chemical composition Si/Ge ratio. In Table III the strain gradient (Eg) used to simulate the zero order peak of oùr experimental measurements for sample tt230 is reported; 03B5g(t) is the value of the strain within the epilayer as a function of the thickness of the epilayer, starting from the substrate (t = 0) to the top of the film (t = 165 nm). It is worthwhile to remark that the only free parameter of the X-ray simulation is the strain within the epilayer considering that the thickness of each SixGel-x layer is assumed from the TEM measurements.
Discussion and Conclusions
The above results show the intermixing of Ge and Si atoms during the growth of Six Gel-x/Si multilayer [33] . Within the accuracy of the TEM measurement, no difference was detected between the thickness of the SixGe1-x layers in the two samples. This result should be related to the diffusion length of Ge in Si, in particular because the presence of strain enhances the interdiffusion process producing an intermixing of about 3-4 ML [34] . In fact, at the growth temperature of our samples, the diffusion length is about 1.1 nm [35, 36] which agrees very well with the measured (12 ± 2) nm Six Ge1-x layers thickness. This diffusion length produces a broadening of the nominal pure Ge layer (Tab. I) resulting in a wider layer of SixGe1-x alloy as measured from TEM micrographs. Moreover, we observe in each Ge layer of all the observed samples the quasiperiodic variation of the thickness of the Ge layer related to a defect-free Skranski-Krastanov (S-K), growth mode [15, 22] . The waviness allows the sample to concentrate the strain energy in the islands reducing the strain energy density in the SixGe1-x layers. A film with islands has a lower energy with respect to a flat, uniformly strained film. In fact, a strain-relieved island reduces the elastic energy over its volume paying a proportionally smaller cost of additional surface energy [37] . Furthermore, depending on the efficiency of the strain relaxation, a coherent island may have a lower energy than a dislocated island because of the energy cost associated with dislocation nucleation [11] . A coherently islanded film is not completely relieved since a non-uniform strain gradient exists, because the top of the film has a different strain with respect to the first layer. Consequently, at the edges of the island the strain-energy density is higher, and in these sites homogeneous nucleation of dislocations has a higher probability. We define by "y" the ratio between the height of the coherent islands and its width. As the strain energy increases, the y-ratio increases until the amount of energy for the nucleation of dislocations becomes very small and the strain energy is relieved creating the first nucleus of the "conical shaped defect" (Fig. 2 to  Fig. 5 ). During the MBE growth the remaining part of the epilayer is influenced by this process, but the areas far from the "conical shaped defects" will continue to grow epitaxially. As seen in Figure 2 and Figure 5 , the extended defects nucleate far from the first substrate-epilayer interface. Consequently the origin of these defects is due to the achieving of the critical thickness of the relevant period and not of the multilayer as a whole. The increasing of the strain energy (Tab. III) in the relevant period, measured from the X-ray patterns, should be due to a monotonic increase of Ge content as a function of the growth time. This increase in the Ge content could be due to an anisotropic diffusion of Ge atoms in the Si layer.
The results obtained from our experiments on SixGel-x/Si multilayer can be summarized as follows:
i) an inter-diffusion of Si-Ge in each period of all the observed specimens has been observed and it has been correlated to the inter-diffusion length at the specific growth temperature;
ii) the strain in each Six Gel-x layer is partially relieved by the creation of coherent Six Gel-x islands;
iii) the strain energy density in each Six Gel-x layer of the multilayer increases as a function of the growth time; iv) the coherence of the islands is preserved up to a critical value of the strain energy density and than relieved by nucleation of dislocations and creation of the so-called "conical shaped defects";
